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EXPERTMENTAL INVESTIGATION OF THE EFFECT OF FOREBODY
BLUNTNESS ON THE PRESSURE RECOVERY AND DRAG COF A
TWIN-SCOOP INLET-BODY COMBINATION AT MACH

NUMBERS OF 1.4 AND 1.7

By John F. Stroud

SUMMARY

The pressure recovery, mass flow, and drag of a twin-scoop inlet- _ _
body combination were measured at Mach numbers of 1.4 and 1.7 at zero
angle of attack, and the results were presented in & preliminary data
report. These date, in addition to some more recently obtained results
of tests of the forebodies, are presented and analyzed in the present
report. Tests were made of the inlet-body combination with an ogival
forebody, with en oglval forebody having a smell azmount of bluntness
near the tlp, and with two forebodles of elliptic longitudinsl section;
the fineness ratios of the forebodies varied from 5 to 2.86. The
results indicate that the effect on pressure recovery, mass-flow ratio,
and drag of a small amount of bluntness of the ogival forebody was small.
A very blunt forebody, however, combined with a relatively low fineness
ratic, caused significant reductions 1n maximum pressure recovery and
mass-flow ratio and a large increase in drag. At a Mach number of 1.7,
the most blunt forebody when compared with the ogival forebody showed a
loss in maximum pressure recovery of 0.06, s decrease in maximum mess-
flow ratio of 0.06, and, for a mass-flow ratio of 0.90, an increase in
drag of the inlet-body combination of about 135 percent. Similar
results were obtained at a Mach number of 1l.4. Tests of the various
forebodies indicated that the variation of inlet location (forebody
fineness ratio) with forebody bluntness affected the pressure recovery,
mass-flow ratio, and scoop drag.

INTRODUCTION

A program to determine the practicability of twin-scoop inlets for o
the air-induction system of high-speed aircraft is in progress at the . _
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Ames Aeronsutical Laboratory. Information on the pressure recovery '
characteristics of this type of inlet mounted on a sharp-nosed forebody
is presented in reference 1.

From serodynamic considerstions, & slender, nearly pointed forebody
is desireble for the bodies of high-speed aircraft; however, the oper=
ation of radsr equipment to be carried in the nose requires consider-
ation of blunt bodies. Drag figures for bodies of revolution of four
degrees of bluntness have been reported in reference 2, and some addi-
tional characteristics of the flow sbout blunt bodles at supersonic
speeds have been presented in reference 3. An investigaetion of the
effects of forebody bluntness on the pressure recovery, mass flow, and
drag of a twin-scoop inlet-body combination has been made in order to
assess the aerodynamic penalties involved in the use of a blunt forebody
shape. The test results obtained for the inlet-body combinations were
presented in reference 4. The data presented in reference 4 are
analyzed and the results of subsequent tests in which the drag of the
inlet-model forebodies and the total and static pressures ahead of the
inlet station were measured are presented in this report.

NOTATION
A cross-sectional area, square.feet

Apep . reference area (largest frontal area of model exposed to
stream), square feet )

a speed of sound, feet per second . e = -
Cp_ total external drag coefficient {:CD =_rFe )
¢ © dohrer
m(Vg-Vyo) + (ps-PolAs Apase
+ Prase A -
e . Yohrer . ref
Z<AP7' Mforebg_d_x_)} ‘ '
Aper
d " duet station downstream of entrance, inches
Fe force measured by balasnce gage, pounds
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A,C,D

total pressure |p (l + %l M2>;I, pounds per square foot
ebsolute
Mach number ( g) s Gimensionliess
mass-flow rate (pVA), slugs per second
static pressure, pounds per square foot gbsolute
static-pressure coefficient < P~ % P°>
do
dynamic pressure (%pv 2) s pounds per squere foot
local forebody radius, inches
velocity, feet per second
distance forward of cylindrical section of forebody, inches
angle of attack, degrees
ratio of specific heats, dimensionless

mass density, sluge per cubic foot
Subscripts

aversage
forebodies A, C, and D
free stream

station on forebody without inlets corresponding to station
0.150 inch ghead of inlets

station on body where static pressure corresponds to that
recovered on forebody A at station o!

- maximum
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1 inlet station ' an
38 settling chamber

4 exit throat

)/ station on forebody

MODELS -

The scoop inlets were tested in combination 'with four forebody
shapes, each having & different fineness ratio. The forebody of the
basic model (forebody A, fig. 1) consisted of a2 10~caliber oglival nose
of circular cross section followed by a cylindrical section to the inlet
ramp. Nose B was parabolic in longitudinal section and became tangent
to the basic ogive 0.50 inch from the basic Torebody tip. Forebodies
C and D.were elliptic in shape with the points of tangency to the basic
body occurring at the beginning of the cylindrical section. On the basic
model (forebody A) the twin~-scoop inlets were located five body diameters
behind the apex of the oglve and enclosed approximately 19 percent of the
meximum clrcumference of the forebody. The Inlet area, lncluding both
scoops, was 18.2 percent of the total frontal srea immediately aft of the
inlet station. The maximum frontal area of the inlet-body combination,
on which all drag coefficlents are based, was 0.638 square inch. As
shown in figure 1, each scoop was preceded by a 4° ramp. A sharp edge
was used on the duct lips with the external surface inclined 5° to the
duct plane of symmetry at the side walls and 3° at the outer surfaces. .
The duct passage consisted of a constant area section for a length of two
inlet heights aft of the entrance, followed by a diverging diffuser.

The internal cross-sectionsl-aree variation with distance from the duct
entrance is presented in figure 2.

Separate models of forebodies C and D, shown in figure 3, were
provided for pressure surveys Just shead of the Ilnlet station. These
models, with the pressure rake removed, were also used to measure the
drag of the portions of the bodies ahead of the inlets. The lengths of
the models were equal to the distances from the apexes to the inlet sta-
tion on the correspording inlet-body combinations. :

TESTS AND PROCEDURE

The tests were conducted in the Ames 8- by 8-inch supersonic wind
tunnel. A detsiled description of the tunnel and its auxiliary equipment
is presented in reference 5. Pressure recovery, mass flow, and drag of

[ m
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twin-scoop inlet-body, combinetions were measured at Mach numbers of

1.4 and 1.7 at zero angle of attack. Total and static pressure surveys
were made just ahead of the inlet station at distances of 0.050, 0.100,
0.150, and 0.200 inch from the surfaces of forebodies C end D. The
measurements were mede shead of both inlets for each tube, at the dis-
tances mentioned, by rotating the forebody models (fig. 3). In eddition,
the drag of the bodies ashead of the inlets was measured. All measure-
ments were made at Reynolds numbers per foot of length of approximately
8 and 9 million &t Mach numbers of 1.k and 1.7, respectively.

The support system and instrumentation used to obtain simultaneous
measurements of pressure recovery, mass flow, and drag force are shown
in figure 4 and are described in reference 6. The internal survey reke,
which could be rotated, consisted of four total-pressure tubes and three
static-pressure tubes. The same drag balance was used to measure fore-
body drag that was used to measure the drag of the inlet-body combination.
However, the shroud shown in figure 3 was used to falr the bases of the
bodies without inlets into the stationary outer shell. Drag forces act-
ing on the strain-gage balance were cobteined from deflections of a
dynamically balarced galvenometer.

A1l pressures measured in this investigation were photographically
recorded. from a multiple-tube mercury manometer. Readings of the
internal pressure-survey raeke were recorded at 10 angular positions of
the rake for each mass~flow ratio. Flow sbout the models was observed
and photographed through a schlieren spparatus having a knife edge
parallel to the free stream.

REDUCTION OF DATA

The total~-pressure ratio Ha/Ho that is used in the data presenta-
tion is an average weighted on the basis of annular areas of-epproxi-
mately equal width assigned to each survey tube of the rake in the mddel
settling chamber. The total-pressure ratio Ho'/Ho was obtained from
pressure readings which were corrected for normal shock losses.

The mass~flow ratio, defined as the ratio of mass flowing through the
diffuser to that flowing in the free stream through an area equal to that
of the entrance, was calculated by the following relation:

)Eﬁ’ﬁ”

m; [ Hsa Ay, 1 2 7-1M
(o]

%'(H;av X IIXWs \T * 7T

The correction factor K, which was a function of outlet plug position,
was determined by calibration.

‘ _-l
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The total externsl drag force of the inlet-body combination is
defined as the algebraic sum of the change in total momentum between the
free stream and the 1inlet station of the masg of air that flowed through
the 1nlet and the external pressure and friction forces acting on the
model in the axisl direction. Corrections were spplied to the drag data
to account for all buoyancy forces on the model and balance.

A detailed discussion of accuracy of the test apparatus is con-
talned in reference 6. The drag coefficients have been estimated to be
accurate within +0.0083 however, the scatter of the data for the inlet-
body combination with forebody D at Mach number 1.7 1s in excess of this
value. The exact cause of excessive experimental scatter in these par-
ticular data 1s unknown; however, it was belleved to be due to an
increase in balance 'friction which developed during this final run.
Repeating this run was impractical because of damage sustained by the
model at the conclusion of the test. The estimated accuracy of the drag
data includes the possible error due to different skin-friction condi-
tions on the various models. Estimates of the accuracy of the remsining
parsmeters are tebulated below: : '

Parameter Estimated accuracy
Pressure recovery Hg/E, i0-005‘
Mass~flow ratio my/m, +.015
Mass-velocity ratio Egéggl +.005

RESULTS AND DISCUSSION
Effect of Forebody Bluntness on Pressure Recovery

The variations of total pressure reécovery with mess-flow ratio for
the scoop inlets preceded by forebodies of various degrees of bluntness
are presented in figure 5. The losses in total pressure recovery
increased with increasing forebody bluntness and Mach number. The inlet-
bedy combination with the largest degree of forebody bluntness and the
smallest fineness ratio sustained losses in meximum total pressure recovery
of about 0.03 &nd 0.06 sbove those of the combination with the ogival
forebody, at Mach numbers of 1.4 and 1.7, respectively. The flow fields
around the blunt body (forebody D) for these conditions are illustrated




NACA RM A51K1L . m 7

by schlieren photographs (fig. 6) for comparison with those of the
sharp-nosed forebody.

The varlations of the total-pressure ratio %%} with radial

distance from the bodies are shown in figure 7 for forebodies C and D.
The integrated total-pressure losses measured over the inlet height at
station o! increase with increasing forebody bluntness because an
increasing mass of air 1s affected by the strong parts of the bow shock
wave. This effect can be seen by comparison between forebodies C and D
of the total-pressure losses and vertical total-pressure gradients et
station o' (fig. 7).

In order to present the total-pressure decrements due to forebody
bluntness, the data of figure 7 were numerically averaged from the data
points shown to represent the percentage of free-stream total pressure
available to the inie?s. The decrements in total pressure due to fore-

body bluntness EQ%EQ_ (measured ahead of inlets) and the decrements in

total pressure between stations o! and 3 for comnstant values of mass-
flow ratio are tabulated below: )

 Free-stream Ho-Ho' Ho' ~Hg
Mach mumber | FOFSPOdy | T | ma/me | S5
1.k A 0 0.6 0.135

c .019 .1h42

D .026 1, .1k6

1.7 A o .8 - .232

c .035 .234

\L D .090 J, .209

In this tabulation, the assumption was ﬁade that Hg' for fore-
body A was equal to Hy. The error in __HSTg introduced by this

aggumption, according to shock-wave theory, is approximately 0.00?.
The decrements in total pressure due to forebody bluntness ~

do not include losses in the boundary layer. Calculations of the

laminar boundary-layer growth on cones having the same fineness ratios
as the various forebodies indicate that at station o! the variastions
.in thickness with forebody length produce differences in the boundary

layer which would result in a change of less than 0.005 in H°ﬁb

[ e
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The tabulated decrements in total pressure between stations o' and 3
include an error resulting from the fact that Hy'! does not include

_ H.'-H
boundary layer losses. Estimates indicate that thils error in -EESTE
1s probably less than 0.01. The preceding table shows that the losses

H,~H.! . . o
in total pressure ahead of the inlet —EESE- increase much faster with

increasing forebody bluntness at Mach number 1.7 than at Mach number 1.4,
Ho'~Hg

By
however, indicates a decrease in diffuser losses; at Mach number 1.7,
between the combination with the sherp-nosed forebody (A) and the combi-
nation with the most blunt -forebody (p),of reduced fineness ratio. The

H. '-H . '
diffuser total-pressure loss —EE-TE' remained practically constant
o)

between forebodies A and C (at Mg = 1.7) for a reduction in local Mach
number of sbout 1-1/2 percent, while & decrease in the diffuser total-
pressure loss (increase in pressure recovery) of 0.023 is indicated
between forebodies A and D for a reduction in local Mach number of about
3 percent. The trend of these data for Mach number 1.7 indicates that
factors in addition to loecal Mach number shead of the inlet were respon-
sible for the variation in diffuser pressure recovery noted. It is
believed that the principal sdditional factors involved were related to
shock-wave boundary-layer intersction since the different pressure )
distributions and lengths of the forebodies probably caused variations
in the profile of the boundary layer and hence influenced the tendency
of the flow to separate in the diffuser compression system.

The tabulation of losses in total pressure within the inlet

Effect of Forebody Bluntness on Mass-Flow Ratio .

The losses in meximum mass-flow ratio for the inlets with fore-
bodies of various degrees of bluntness sre indicated in figure 5. In
order to illustrate the effect of forebody bluntness on mass-flow ratio,
the concept of mass velocity, pV, is introduced. The mass velocity Just
ahead of the inlets, . po'Vy', 18 a measure of the mass flow per unit
erea avallsble to the inlets. This mass veloclty was calculated for
forebodies C and D from total and static pressure measurements obtained
0.150 inch shead of the inlets. The decremenits in meximum mass-flow
P1ViAq pb'Vo'
~——— and in mass-velocity ratios ——— are tabulated below
PoVohy

ratios
PoVo
for comparison:
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&) - ®),. -
g - fio “\To
number < M S/ Wy

MO mo ma.xA mo maxA
1.k 0.036 0.045

1.7 .038 065 -
Mach (P’ V") a0y Vo ) (po'vo')A-(po'Vo')D
number -

M, PoVo Po¥o

1.4 0.027 0.043

1.7 017 .050

(As noted previously, the estimated accuracies of the mass-flow ratio
and the mass-veloelty ratio are ¥0.015 and *0.005, respectively.) The
velues in the preceding table indicate that the losses in maximum mass
flow are primarily due to the losses in mass velocity (reduction in
available mass flow per unit area) rather than to the spillage associ-
ated with a detached shock wave at the inlet 1lip. The reductions in
mase velocity arising from forebody bluntuess are due to the entropy
rise across the strong detached bow waves. After the flow has
progressed far enough along the body to recover free-stream static
Pressure, the increase 1n entropy is manifest as a loss 1n velocity and
& decreate in density caused by the rise in static temperature.

Part of the losses in mess veloclty, and thus mass flow, at Mach
number 1.4 were a result of the fact that the static pressures measured
ahead of the inlets were lower.than those on forebody A. (Static pres-
sure nmeasurements made on forebody A at station o' 1ndicated losses’
of 1.5 and 2.6 percent, at free-stream Mach numbers of 1.4 and 1.7,
respectively, of free-stream mass velocity as a result of locating the
inlets in & region of static pressure lower than the free-stream value.)
The remainder of the losses were due to the total-pressure losses
associated with the entropy rise across the detached bow waves. In
order to separate the losses into the two components, the total pressures
measured. shead of the lnlets with the blunt forebodies were used with the
static pressure measured shead of the inlets on forebody A to calculate
the losses in mass velocity due to forebody bluntness. The results of
this calculation are presented below: '
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Free—-stream (DO’VO')A—(pO"VO")C jpolvor )A_?(ponvon)D
Mach number

Mo PoVo . PoVo

1.4 0.013 0.021

1.7 .023 - .0k2

Comparison of the values of this table with those of the previous table
indicates that at a Mach number of 1.4 about half the loss in mass
velocity was due to the fact that the inlets were located in =a region of
low static pressure. However, at a Mach number of 1.7 this effect is
practically negligible, relative to forebody A, and the loss in mass
velocity is due to the loss in total pressure through the strong bow
shock wave. Losses in mass velocity, and thus mass flow, whether due to
forebody bluntness or fineness ratio (inlet location), must be considered
in matching an inlet and an engine whose air requirements are based on
free~-stream conditions. o

In general, in order to obtain the maximum aveileble mass-flow ratio
and pressure recovery for any scoop inlet (preceded by a forebody of the
compression~expansion-compression type employed in the present investi-
gation) in an inviseid fluid, the inlet must be preceded by a forebody
of sufficient fineness ratio to permit recovery of free-stream static
Pressure. ‘

Effects of Forebody Bluntness on Drag

Drag curves for the inlet-body combinations and for the bodies
without inlets are presented in figure 5 for Mach numbers of 1.4 and 1.7.
All the drag coefficients are based on the maximum frontal sres of the
inlet-body combination. o o

The smallest degree of forebody bluntness (forebody B) produced a .
very slight increase in drag of the inlet-body combination at Mach
numbers of 1.4 end 1.7. The fact that this drag rise was so small can
probably be attributed to an overexpansion of the flow following the
sonic point on the rounded nose, thus permitting the effect of the
positive pressures on the rounded nose to be approximately counter-
balanced by the negative pressures acting farther downstream on the

forebody. ILarge rises in drag occurred between forebodies A and C and . ____ ]

forebodles A and D, as shown.in figure 5. These large drag increases
are probsbly attributsble to the fact that for these very blunt bodies
the sonic point was so far removed from the body axis (reference 3) that
the forces on the extensive region of the frontal area exposed to high .
positive pressures in a subsonic flow field were not counterbalanced by
the forces in the region of expansion downstream of the sonic point.

L
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The total and static pressure surveys ahead of the inlet station
showed that at Mach number 1.4t the effect of forebody bluntness, com-~
bined with the reduced fineness ratio, was to decrease both pressures.
The local Mach number was almost unaffected since both pressures
decreased nearly proportionately. The scoop drag (defined as the dif-
ference between the total external drag of the inlet-body conmbiration
and the drag of the forebody ehead of the inlets) reduction with
increasing forebody bluntness at Mach number 1.4 (fig. 5(a)) is prob-
ably due to the local decrease in static pressure on the external scoop
surfaces. The scoop drag remained essentially constant with forebody
bluntness at Mach number 1.7 (fig. 5(b)) because the measured static
pressure and Mach number Just shead of the inlets changed only slightly.

CONCLUDING REMARKS

Wind-tunnel tests were performed at Mach numbers of 1.k and 1.7 at
zero angle of attack on a twin-scoop inlet-body combination with fore-
bodies of various degrees of bluntness. The losses in pressure recovery
increased with increasing forebody bluntness and Mach number. The
largest degree of forebody Bluntness, as compared to the oglval forebody,
caused losses in meximum pressure recovery of sbout 0.03 and 0.06 for
the inlet-body combination at Mach numbers of 1.4 and 1.7, respectively.
The corresponding losses in maximum mass~-flow ratios were sbout 0.0k
and 0.06. The losses in maximum mass~-flow ratio at Mach number 1.7 were
primarily due to the losses in total pressure through the bow wave,
while those at Mach nunmber 1.4 were due approximately one-half to total
pressure loss and one-half to the fact that the inlets were located in
a region of low static pressure.

The drag of the inlet-body combination increased markedly with
increasing forebody bluntness, but only slightly with increasing Mach
number. At a Mach number of 1.7 and a mass-flow ratio of 0.90, the
largest degree of forebody bluntness tested caused an increase in drag
of the inlet-body combination of gbout 135 percent. A reduction in
scoop drag with lncreasing forebody bluntness was observed at Mach
number 1.k4; this was believed to be a result of lowered static pressure
Just ahead of the inlets. .

Ames Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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Figure 6.~ Schlieren photographs of model with forebodles A and D,
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